Seven known genes control Pseudomonas aeruginosa nitrate assimilation. Three of the genes, designated nas, are required for the synthesis of assimilatory nitrate reductase: nasC encodes a structural component of the enzyme; nasA and nasB encode products that participate in the biosynthesis of the molybdenum cofactor of the enzyme. A fourth gene (nis) is required for the synthesis of assimilatory nitrite reductase. The remaining three genes (ntmA, ntmB, and ntmC) control the assimilation of a number of nitrogen sources. The nas genes and two ntm genes have been located on the chromosome and are well separated from the known nar genes which encode synthesis of dissimilatory nitrate reductase. Our data support the previous conclusion that P. aeruginosa has two distinct nitrate reductase systems, one for the assimilation of nitrate and one for its dissimilation.
Seven known genes control Pseudomonas aeruginosa nitrate assimilation. Three of the genes, designated nas, are required for the synthesis of assimilatory nitrate reductase: nasC encodes a structural component of the enzyme; nasA and nasB encode products that participate in the biosynthesis of the molybdenum cofactor of the enzyme. A fourth gene (nis) is required for the synthesis of assimilatory nitrite reductase. The remaining three genes (ntmA, ntmB, and ntmC) control the assimilation of a number of nitrogen sources. The nas genes and two ntm genes have been located on the chromosome and are well separated from the known nar genes which encode synthesis of dissimilatory nitrate reductase. Our data support the previous conclusion that P. aeruginosa has two distinct nitrate reductase systems, one for the assimilation of nitrate and one for its dissimilation.
Pseudomonas aeruginosa both assimilates and dissimilates nitrate. The first reaction of both pathways is the same: the reduction of nitrate to nitrite. In the assimilatory pathway, nitrite is reduced to ammonium which is used in biosynthesis. In the dissimilatory pathway, reduction of nitrate to nitrite is the first of a cascade of anaerobic respiratory processes leading to the formation of N2 (denitrification). This pathway provides the cell with a means of generating ATP in the absence of oxygen. Existing physiological evidence suggests that the assimilatory and dissimilatory reductions of nitrate in P. aeruginosa are catalyzed by distinct proteins: an assimilatory nitrate reductase and a dissimilatory one. Expression of the two enzymes is controlled by different environmental factors: the assimilatory enzyme is repressed by the presence of a readily available source of reduced nitrogen; the dissimilatory enzyme is repressed by oxygen (11) . The existence of two nitrate reductases in P. aeruginosa is a physiological necessity: the dissimilatory enzyme cannot function in the presence of oxygen, hence, aerobic assimilation of nitrate is dependent on a second nitrate reductase that can (11) . However, a biochemical demonstration of two nitrate reductases is lacking; assimilatory nitrate reductase has not yet been isolated, although dissimilatory nitrate reductase has (2, 4) .
Until recently, genetic evidence regarding the number of nitrate reductases in P. aeruginosa has been equivocal. Mutants that have been selected by loss of the ability to assimilate nitrate retain the ability to dissimilate it. Such strains carry mutations in nasA, nasB, or nasC (11) . These results suggest that P. aeruginosa has separate enzymes for assimilation and dissimilation of nitrate. However, other P. aeruginosa mutants that have been selected by loss of the ability to dissimilate nitrate concomitantly lose the ability to assimilate it (13 (12) .
Additional classes of mutants blocked in the nitrate assimilation pathway have been isolated, all of which remain able to dissimilate nitrate. One class (nis) retains normal assimilatory nitrate reductase activity, but lacks the ability to assimilate nitrite. Three other classes (ntmA, ntmB, and ntmC) lack both assimilatory nitrate reductase activity and the ability to assimilate nitrite (R. M. Jeter and J. L. Ingraham, Arch. Microbiol., in press). These latter mutants are also impaired in their ability to use a variety of other nitrogen sources. Thus, ntmA, ntmB, and ntmC probably encode products that participate in the general control of nitrogen metabolism in P. aeruginosa.
In this paper, we report the locations of genes on the P. aeruginosa chromosome that control the expression of assimilatory nitrate reductase, assimilatory nitrite reductase, and nitrogen metabolism. We also report the assignment of specific functions to the nas gene products.
All of the strains used in this study were derived from P. aeruginosa PAO1 (Table 1) . For culture growth, the complex medium was modified Luria broth (1); the defined medium was minimal citrate medium (R. M. Jeter and J. L. Ingraham, in press). The concentration of agar in solid medium was 15 g/liter.
All cultures were grown at 37°C, except when noted otherwise. Liquid cultures were incubated on a rotary shaker at 200 rpm.
Conjugational crosses. Donor strains that carry the sex factor FP2 have been shown to transfer markers within the first 30 to 35 min of the P. aeruginosa chromosome at high frequency (7) . Such matings were performed by using a conjugation procedure based on that of Watson and Holloway (16) . Samples were taken and interrupted at 10-min intervals. The results indicated that the three nas loci and ntmA all lie in the region around 20 min. Matings were then repeated with interruptions at 3-min intervals. The results established more precise locations (in map minutes) for these genes: nasA, 20; nasB, 27; nasC, 18; and ntmA, 23 ( Fig. 1 and 2A ). To assure that our results were consistent with published data, we used the same procedure to map met-28 and lys-56, the locations of which had been previous- ly determined (9) . Our data (not shown) indicated that these loci, which were reported to lie at 28 and 18 min, respectively, were transferred at 30 and 17 min, respectively. Markers located in the 30-to 60-min region of the chromosome are most conveniently mapped by using the Hfr donor P. aeruginosa PA01000 (our strain no. JM1100), in which plasmid pME319 (a heat-sensitive replication derivative of the IncPl plasmid RP1) mobilizes the chromosome from its site of integration in the trpAB gene cluster at 27 min (8) . As efficient IncPl plasmid-mediated chromosomal transfer takes place only on a solid surface, interrupted matings were performed on agar plates (6, 8) . Using this system, we found that ntmC entered 8 min after the initiation of mating (Fig.   2B ). If the rate of chromosomal transfer by JM1100 is the same as the rate mediated by FP2+ donors, then the actual location of ntmC is 35 min on the P. aeruginosa chromosome. To test this assumption, we used previously located markers to calibrate this newer system of chromosomal transfer. The auxotrophic marker leu-38 was mapped at 42 min (data not shown), in perfect agreement with the data of Haas et al. (8) . We also mapped narB and narC, two genes controlling dissimilatory nitrate reduction, that had been located at 44 and 45 min, respectively, by using the FP2 conjugation system (14) . Using the pME319 system, we located narB at 43 min (Fig. 3A) , which is in good agreement with previous results. However, in several matings, narC was located 9 min later at 52 min (Fig. 3B) To determine possible linkage between nasA, nasB, and nasC, it was necessary to obtain strains with mutations that were phenotypically distinct. We chose to search for mutations in nas genes that conferred a heat-sensitive phenotype. After diethylsulfate mutagenesis and ampicillin counterselection, three independent strains were isolated that can assimilate nitrate at 30°C but not at 42°C. They grow normally at 42°C when an alternative nitrogen source, such as nitrite or ammonium, is provided. Lysates of G101 grown on the heat-sensitive mutants (JM11O, JM120, and JM133) were used to transduce strains carrying mutations in nasA, nasB, nasC, and ntmA to Nas+ at 30'C; trahsductants were scored for their Nas phenotype at 42'C. We found that the heat-sensitive phenotype of the three strains was cotransducible at 100% with nasC, 62% with nasA, and 0% with either nasB or ntmA (Table 2) . ThUis, the heat-sensitive phenotype is encoded within nasC in all three strains, and hasC is transductionally linked to nasA., Heat-sensitive nasC mutants produce heat-labile enzyme. The heat-sensitive phenotype of certain of the nasC mutants presented an opportunity to identify the gene product on the (narC, pME319-). basis of its heat lability. Growth of the strains under conditions of vigorous aeration, crude extract preparation, and in vitro assay of assimilatory nitrate reductase activity were performed as previously described (2, 11) . In crude extracts, the activity of assimilatory nitrate reductase from wild-type cells is very heat stable at 45°C; 95% of the initial activity remains after 50 min of heating. However, the activity from a heat-sensitive mutant declines 20% within 5 min of heating and 55% within 50 min (Fig. 4) . Thus, the correlation between heat sensitivity for growth and heat lability of assimilatory nitrate reductase activity in vitro suggests that nasC is a structural gene for this enzyme.
Function of the nasA and nasB gene products. Assimilatory nitrate reductase is a molybdoenzyme, and studies with organismns other than P. aeruginosa have shown that synthesis of the molybdenum-containing cofactor and its insertion into the apoenzyme is a complex process. As many as seven genes (cnx) govern the process in Aspergillus nidulans (3) . Such studies suggest that the same process is shared by several molybdoenzymes. For example, xanthine dehydrogenase is a purine-degrading molybdoenzyme that appears to require the same molybdenum cofactor as does assimilatory nitrate reductase. In A. nidulans, cnx mutants are unable to metabolize nitrate and hypoxanthine, but their degradation of uric acid is unaffected. Since P. aeruginosa possesses xanthine dehydrogenase (10), several nasA and nasB mutants (Table 1) were tested for their ability to use adenine, xanthine, uric acid (all 1 mM), and a variety of other compounds as sole nitrogen sources. Both mutant classes failed to grow on xanthine, grew poorly on adenine (by deamination of the 6-amino group [15] ), but grew well on uric acid and all other nitrogen sources tested. By contrast, the wild-type strain grew well on both xanthine and adenine. The simplest interpretation of these observations is that nasA and nasB encode products that participate in the biosynthesis of the molybdenum-containing cofactor in P. aeruginosa. A high concentration (0.5 mM) of sodium molybdate in the culture medium had no effect on either mutant class. Thus, nasA and nasB probably encode steps of intracellular molybdenum metabolism rather than molybdenum uptake.
These findings imply that assimilatory nitrate reductase and xanthine dehydrogenase in P. aeruginosa use the same molybdenum-containing cofactor. Dissimilatory nitrate re- on October 28, 2017 by guest http://jb.asm.org/ Downloaded from ductase in P. aeruginosa also contains molybdenum (4). However, nasA and nasB mutants retain the ability to dissimilate nitrate (11) . Thus, at least some steps in the pathway by which the molybdenum cofactor of dissimilatory nitrate reductase is synthesized or inserted into the enzyme or both must be different from those in the pathway for the other two molybdoenzymes.
Several lines of evidence establish that the assimilatory and dissimilatory systems of nitrate reduction in P. aeruginosa are genetically distinct. First, mutants unable to assimilate nitrate (nas) remain able to dissimilate it (11) . Second, these mutations define genetic loci (nasA, nasB, and nasC) that map at locations on the P. aeruginosa chromosome distinct from those of the known (nar) genes that control expression of dissimilatory nitrate reductase (14) . Third, each of the nas-encoded gene products can be assigned a presumptive function. Fourth, assimilatory, but not dissimilatory, nitrate reduction is lost in other mutants (ntmA, ntmB, and ntmC) that have an impaired ability to use a number of compounds as sole nitrogen sources (R. M. Jeter and J. L. Ingraham, in press). Lastly, the pleiotropic phenotype (loss of both nitrate-reducing systems) originally observed in four nar mutant classes has been shown to be a consequence of multiple mutations in three classes out of the four (narA, narB, and narE) (12) .
Although the two systems of nitrate reduction are separable by a number of physiological and genetic criteria, one or more genes in P. aeruginosa do appear to encode products that control the expression of both systems. In one class of nar mutants (narD), simultaneous loss of assimilatory and dissimilatory nitrate reduction (Nas-Nar-phenotype) is the result of apparent single-site mutations (12, 14) . This phenotype is corrected by the addition of large amounts of molybdenum to the culture medium. Thus, narD mutants are likely to be blocked in the transport of molybdenum into the cell. More recently, Goldflam and Rowe have reported isolating new P. aeruginosa mutants that do not assimilate or dissimilate nitrate (5) . One class of these mutants is unable to metabolize nitrate or hypoxanthine and so has a phenotype consistent with a block in one of the early steps of molybdenum metabolism. A second class is unable to metabolize nitrate but retains the ability to assimilate hypoxanthine. It will be of interest to learn where the mutations that give rise to these phenotypes are located on the P. aeruginosa chromosome, and what functions are encoded by these genes.
A summary of presently available information about the known genes that control nitrate assimilation and dissimilation by P. aeruginosa is presented in Table 3 .
